A B S T R A C T The rate of appearance of labeled thyroxine (T4) and albumin in lymph from various areas after simultaneous i.v. injection of the labeled substances in conscious ambulatory sheep has been used to estimate the relative rates of transcapillary movement of stable T4 and albumin. Labeled T4 appeared in hepatic lymph at the same rate as albumin. In intestinal and leg lymph, labeled T4 appeared eight and four times as rapidly as albumin indicating that T4 crosses capillaries in these areas independently of and much more rapidly than albumin and other proteins having similar distribution kinetics. The lymph: plasma ratios for all the T4-binding proteins including albumin were very similar in any one area showing that the relative fractional rates of transcapillary movement of these proteins were very similar.
INTRODUCTION
For many years it has been thought that thyroxine (T4)1 traveled from plasma to the tissues as the unbound amino acid, so that the concentration of free T4 in plasma regulated the rate at which T4 became available to cells, for example in peripheral tissues and anterior pituitary (1) . Consequently free T4 was considered to play a pivotal role in hormonal action and regulation and its Received for publication 20 plasma measurement was believed to provide a very useful index of thyroid hormone status. However, in 1967 Oppenheimer, Bernstein, and Hasen (2) published results of experiments from which they concluded that T4 leaves the plasma bound to proteins with transport kinetics the same as those of albumin.
Several aspects of their work have been supported by the results of other workers (4) (5) (6) while others have disagreed (7) . However no direct measurements of the relative rates of transcapillary movement of T4 and albumin have yet been made. This report contains such measurements from several areas and tissues in the sheep obtained by sampling lymph from chronic fistulas in small lymphatics draining from defined pools of interstitial fluid, and in larger lymphatics draining less homogenous areas. Consequently we could compare the relative rates at which T4 and albumin leave the plasma in skin, lower leg, intestine, and liver. Since we were able to confirm experimentally the hypothesis of Oppenheimer et al. (2) that albumin and T4-binding proteins move from plasma to interstitial fluid (ISF) at similar fractional rates, we were able to measure the relative amounts of T4 which leave the circulation in the areas studied as free T4 and T4 bound to protein.
METHODS Experimental animals were adult Merino sheep weighing 35-40 kg. No differences in results due to sex were noted and so the results from male, female, and de-sexed sheep were grouped together. The sheep were kept in metabolism cages which gave them sufficient space to move back and forth a pace or two, to stand, sit, or lie; but the space was insufficient for them to turn completely around. Catheters were placed in the hepatic and intestinal lymph ducts in four sheep using the method of Lascelles and Morris (8) and in the popliteal duct by the method of Hall and Morris (9) . Four sheep were prepared with popliteal fistulas only, while two had intestinal fistulas only. In three sheep a subThe Journal of Clinical Investigation Volume 54 July 1974 -156-164 cutaneous lymphatic accompanying the recurrent tarsal vein was cannulated, while in two a lymphatic draining the gastrocnemius muscle was cannulated. The relative contribution of skin and muscle to the lymph collected from these afferent lymphatics was approximated from the amount of Evans blue dye (T-1824) in the lymph after the injection of dye into either tissue. The dye had disappeared from lymph before the experiment commenced. These lymphatic fistulas permitted sampling of ISF which is in free contact with lymph through incompletely walled lymphatics. All operations were carried out under aseptic conditions and thiopentone-Fluothane anesthesia. The sheep tolerated the operations and the presence of the cannulas very well, and they were eating, drinking, and otherwise behaving normally within 4-8 h of surgery. Diet and general management were as described earlier (10 Radioactivity in plasma and lymph was measured with a Packard 2 channel Autogamma Spectrometer (Packard Instrument Co., Inc., Downers Grove, Ill.), before and after precipitation of the proteins with trichloroacetic acid (TCA). In each experiment about six samples of plasma and of lymph from each route were taken at spaced intervals for chromatography. After adding 5 ug propylthiouracil/ml, which is sufficient to prevent oxidation without introducing artifacts (12) , the samples were extracted twice with 3 vol of acid butanol. 6 vol of chloroform was added to the pooled butanol extracts and was washed three times with 3 vol of aqueous 2 M ammonia. The ammonia washes, which contained 93-100% of the initial 'I, were dried at 30°C in vacuo, redissolved in methanol: ammonia, and chromatographed (together with standards) descending on paper in tertiary pentanol: ammonia and in collidine: water in an atmosphere containing ammonia (10) .
T4 in several samples of plasma and lymph from each route was measured by column chromatography using the C: T4 Kitset (Curtis Nuclear Corp., Chemical Div., Los Angeles, Calif.). In later experiments total T4 was measured by competitive protein binding with correction for the ethanol extractable T4-binding substance (13) . Albumin was measured in all samples of plasma and lymph by the method of Debro, Tarver, and Korner (14) . Free T4 and the capacities and association constants of T4-binding proteins were measured by a method which depends on the property of Sephadex G-25 to bind T4 (15 Free T4 was calculated for undiluted serum as described elsewhere (15) . To measure capacities and association constants of T4-binding proteins, this assay was repeated after addition of increasing amounts of stable T4 and the protein-bound and free T4 concentrations were determined at several concentrations of T4 in the system and plotted on logarithmic axes (Fig. 2) and more acceptable to others who study T4-protein relationships if the conventional electrophoresis method had been used. This was initially done but it soon became evident that this method, which is run at nonphysiological temperature, ionic strength, buffer composition, and pH gives imprecise results which bear little relationship to the in vivo situation (15) . The Sephadex method is extremely simple, highly reproducible and accurate, and gives results which are directly referable to the in vivo situation. In this paper it has been used to determine the relationships between the binding capacities of proteins in several pools. The exact capacities and association constants of each binding protein may also be found from 15 to 20 values of protein-bound and free T4 using either a curve-fitting procedure on a modified Scatchard plot (16) or a proportional graph method (17) .
RESULTS
No labeled compounds other than those injected and iodide were found in any of the body fluids examined. Table I , data from all the experimental sheep are tabulated for representative intervals, and are expressed as the sp act in lymph and in plasma during each collection period for both T4 and albumin. The lymph: plasma ratio for each substance is given to show the rate at which each ISF pool exchanges with plasma. For any ISF pool these ratios were remarkably constant from sheep to sheep.
Labeled T4 disappeared from the plasma much more rapidly than albumin, and appeared in lymph much more rapidly than albumin in all areas studied except liver. Equilibration between plasma and ISF as judged by the attainment of a constant lymph: plasma sp act ratio occurred in the intestinal pool by 8 h for T4 and 26 h for albumin; and in the mixed leg and skin pools by 32 h for T4 and 60 h for albumin. In the liver, T4 equilibrated by 2 h, whereas the equilibration of albumin was slightly slower; error. this difference could be due to experimental Consistently good flow was not obtained from lymphatics carrying the highest concentration of dye after the injection of Evans blue. It was possible to measure the concentrations of stable and labeled albumin and T4 in lymph derived largely from muscle and these were slightly below those of mixed popliteal lymph. In one experiment, a small afferent lymphatic, which seemed to carry mixed muscle and skin lymph as judged by the dye intensity, protein, and T4 concentrations gave a lymph: plasma ratio for T4 2.4 times that for albumin for the 1st h. Since the difference was usually much less marked in lymph derived from skin it seems that the lymph derived from muscle would have an initial ratio in excess of 3. Mixed popliteal lymph is derived largely from skin and muscle but might be modified slightly on passage through the lymph node.
The lymph: plasma ratios for stable T4 and albumin, respectively in the pools sampled were: hepatic, 1.0and
Transcapilary Flux of Free and Bound T4 and of T4-Binding Proteins (19) has shown that there is a linear relationship between the fractional rate of outward transcapillary movement of each substance and the lymph/plasma concentration of each substance in that region. In the present experiments, in each body region, the lymph/plasma concentration of each T4-binding protein was the same as albumin. Therefore their outward rates of transcapillary movement are the same as albumin. This agrees with the conclusions of Oppenheimer et al. (2) based on the very similar plasma disappearance curves for labeled albumin and prealbumin.
Our results show a much greater fractional flux of plasma T4 than of albumin into the ISF of extrahepatic areas being sampled by lymphatic cannulation. Clearly, T4 passes from plasma to lymph largely independent of and more rapidly than its binding proteins. These findings are in accord with the suggestion (20) that T4 leaves the circulation as free T4 which is in equilibrium with T4 bound to proteins and that upon entering the ISF it equilibrates with protein again according to the law of mass action. Unlike macromolecules, small unbound molecules such as the free T4 fraction can also pass across the capillary wall in an inward direction. Fig. 1 shows that there was an initial steep early rise in popliteal lymph followed by a flattening off of the curve; 32 h was required to attain the same slope as the plasma, which is not a great deal faster than the 60 h for albumin equilibration. Thus the initial part of the curve might be taken to indicate that for T4, as compared with albumin, equilibration between popliteal lymph and plasma is a rapid process, whereas the later part of the curve shows that equilibration of T4 is relatively slow. The pattern is similar with intestinal lymph although the inconsistency between early and late equilibration rates is less obvious. Using the plasma [ plasma may require almost as long as for protein which moves much more slowly in one direction between these two compartments only.
In hind leg lymph the early lymph: plasma sp act ratio of T4 was 3.8 times that of albumin, so that the fractional rate of outward transcapillary movement of T4 would be over four times as high as that of its binding proteins. Therefore over three times as much T4 crossed the capillary wall independent of its binding proteins as did T4 bound to protein. If this excess represents the movement of free T4, which is approximately 0.05-0.10% of the total plasma T4, then it may be calculated that the fractional rate of transcapillary movement of free T4 is more than 4,000 times (viz. 3 X 100/0.075) that of its binding proteins or of albumin. This figure may be compared with fractional rates of transcapillary movement in the hind leg of the cat of 4,000 for sucrose and 3,000 for raffinose, relative to albumin, substances with unhydrated molecules smaller and larger respectively than those of T4 (22) . For the intestinal circulation our data show that the fractional rate of transcapillary movement of free T4 is more than 14,000 times that of albumin. These figures indicate that although only a small proportion of T4 in plasma is not bound to protein, most T4 leaves the circulation in extrahepatic tissues as free T4. In the liver the apparent fractional rate of movement of T4 from plasma to lymph was not measurably different from that of albumin over the period during which sufficient lymph could be collected for reliable assay. This suggests that the amount of T4 moving in the free, as compared with the proteinbound form is too small to be measurable experimentally. This is probably due to the incomplete endothelium of liver sinusoids. It seems that T4 can move through the capillary wall by pathways which restrain albumin; also these pathways are more frequent, or permeable, in intestinal than in muscle and skin capillaries. It may be relevant that the capillary basement membrane is "incomplete" in the liver, "fine but complete" in intestinal capillaries, and "fairly dense" in muscle and skin capillaries. Parallel differences exist in the structure of the capillary cell itself (23) .
Several other of our results provide supporting evidence that the fractional rate of movement of T4 across capillary walls in extrahepatic tissues is greater than that of albumin. The fractional rate of removal of labeled T4 from blood was greater than that of albumin long after the liver had ceased to take up labeled T4. Also, when a loading dose of unlabeled T4 was given to a sheep in which labeled T4 and albumin had almost equilibrated between blood and tissues, there was an initial rapid decrease of ['I]T4 in blood and after a 15-min delay, a decrease in the rate of decline of ['SI] T4 in popliteal lymph, while the levels of labeled albumin did not change. The initial effect of the unlabeled T4, which would have increased the proportion of free T4 in the blood considerably, supports the thesis that T4 leaves the circulation as free T4.
Since rates of transcapillary movement of T4 and the role of free T4 in regulating hormone metabolism are of considerable interest in man, it is appropriate to consider certain similarities and differences in T4 transport in man and sheep. Of all experimental or domestic animals the sheep most closely resembles man in its pattern of specific binding proteins with similar association constants. Although the capacities of these proteins and levels of plasma T4 are about 40-50% lower in the sheep than in man and although the free T4 percentage of 0.075 is approximately twice as high, the absolute con-centration of free T4 is very similar to that of man. Furthermore the degradation of T4 for equal metabolic mass is almost the same in the sheep and man (10) , and the concentration of albumin in plasma and its turnover, after correction for gut loss, are very similar in sheep and man (C. H. G. Irvine, unpublished data). These close similarities between man and sheep should justify the use of the sheep to investigate problems not approachable experimentally in man in whom direct sampling of extravascular fluid in normal subjects is impracticable. Nevertheless the conclusion that T4 moves across the capillary wall mainly in the free form, with the movement of protein-bound T4 having relatively little effect on distribution kinetics, is in direct contrast to that of Oppenheimer et al. (2, 3) . However their conclusions are based on a single experiment using unpurified tracer in which the only extravascular fluid sampled was the abnormal pleural effusion of a 65-yrold man with congestive heart failure in whom the initial plasma albumin clearance was three times normal.
Some confirmation of our work is provided by experiments in man (5, 24) in which the uptake of ['11 ]T4 by the liver after i.v. injection has been measured by an external probe, and the extrahepatic uptake obtained by difference. Unfortunately, unpurified tracer was used in each case and the early uptake reflected extravascular distribution of poorly bound radioactive contaminants such as iodide and T3 which form over 14% of the 'I in this tracer (25) . When control subjects were compared those with a low free T4 fraction during the period 30-90 min, by which time contaminants should be largely distributed in extravascular spaces, the uptake of 'I by extrahepatic areas was only slightly lower in the group with a low free T4 fraction (6.8 compared with 8.0). However because the loss of ["I]T4 from plasma was slower in the low free T4 group, the mean plasma concentration of ["I]T4 was higher (62.4%o of dose in plasma over 30-90 min compared with 56.0 in controls) so that the fractional transfer from plasma to extrahepatic tissue in the low free T4 group was 0.109% of the dose per h compared with 0.143 in controls (24 inferred from differences in the free T4 index between groups. Because subjects with a high free T3 fraction do not show a greater increment than normals when the thigh or extrahepatic uptake at 30 or 60 min is expressed as a fraction of the 10 or 20 min uptake, they concluded that the rate of diffusion of T3 into such tissues is relatively insensitive to the free hormone level. However, if an elevated free T3 did cause a more rapid tissue uptake, as we believe, the increase would be greatest in the earliest measurements but would not be shown when a later uptake is divided by an earlier uptake as done by Cavalieri et though the fractional clearance of T4 from plasma to lymph was much greater than albumin. For any substance which moves from plasma to extravascular areas and back, irrespective of how simple or complex its distribution through the extravascular area, the greater its fractional transfer rate to and from plasma the-smaller will be the increments in extravascular uptake if they are expressed as the amount at a long time interval divided by the amount at a short time interval. Cavalieri et al. comment that the 20 min uptake of ['I] T3 into extrahepatic tissue correlated positively with the level of free hormone although the 60 min/20 min fraction was 10% lower in subjects with the higher free fraction. While they explain this by postulating a "complexity of the kinetics of extrahepatic tissue uptake, with slowly equilibrating tissues being relatively insensitive to alterations in plasma binding," their results may be simulated by a single homogeneous extravascular compartment exchanging with plasma at a rate dependent on the level of free hormone and with a third homogeneous compartment in series. Although these and other workers have shown that there is a high correlation between liver uptake and the proportion of free hormone in plasma, the results in their Fig. 3 show that the 20 min/5 min liver uptake is lower in the presence of a ' Because the liver equilibrates more rapidly than thigh, the shortest time interval available (5 min) was used and compared with a time when the uptake curve was becoming appreciably flatter thus giving conditions similar to those for thigh. Liver uptakes were obtained as described by Cavalieri and Searle (5) from (total counts per minute in the field of the probe minus counts per minute due to blood in the liver and other organs in the field of the probe). For normal subjects liver uptake rose from approximately 26% at 5 min to 47% at 20 min for the high free T3, and from 12 to 35% in the normal subjects, fractional increments of 0.8 and 1.9, respectively. high free T3 than in normal subj ects although the 5 min uptake is higher. Thus the thigh and liver uptake of Cavalieri et al. andI the lymph uptake in our data show identical patterns and since in the latter two cases it is accepted that the higher level of free hormone causes the higher initial extravascular uptake with a lower fractional increment subsequently, it is likely that similar conditions operate in the thigh. While identical from 30 h onwards even though T4 was still crossing the capillaries four times as rapidly as albumin. This illustrates the unreliability of the equilibration time of ISF and plasma as an index of the rate of plasma to ISF movement of substances which behave differently in the extravascular area.
